Introduction
[2] Ozone residing in the stratosphere accounts for the bulk ( 90%) of ozone in the atmosphere and absorbs much of the biologically harmful ultraviolet (UV-B) solar radiation before it reaches the surface of the Earth. Ozone in the troposphere, accounting for the remainder of the atmospheric ozone, also absorbs UV radiation [Brühl and Crutzen, 1989] but has additional significant negative effects since exposure to ozone is harmful to vegetation and human health [Gregg et al., 2003; Jerret et al., 2009] .
[3] Ozone observations before the 1970's are very sparse, but total column ozone has been observed to decrease by approximately 3.5% between the 1970s and 1990s, driven largely by decreases in stratospheric ozone due to increasing concentrations of reactive chlorine and bromine derived from ozone-depleting substances (ODSs) [World Meteorological Organization (WMO), 2011] . Modeling studies of ozone in the troposphere show significant increases since preindustrial times, driven by increased anthropogenic emissions of hydrocarbons and oxides of nitrogen (NO x ) that participate in the photochemical production of tropospheric ozone [e.g., Lamarque et al., 2005; Young et al., 2013] and suggest that much of this increase was before 1970 [Cionni et al., 2011] . The very few observations of tropospheric ozone before the 1970s also suggest large increases in ozone near the surface since the end of the nineteenth century [Volz and Kley, 1988; Marenco et al., 1994] . More extensive and reliable observations since the 1970s show a heterogeneous pattern, with strongly positive to near-zero or slightly negative trends in tropospheric ozone found for different regions and time periods [Parrish et al., 2012; Oltmans et al., 2013] .
[4] While ODSs are the dominant forcing on stratospheric ozone over the last 40 years [WMO, 2011] , changing CH 4 , N 2 O, and CO 2 are recognized as having had an influence on ozone in the stratosphere as well. Increasing concentrations of CH 4 can result in increased production of ozone in the lower stratosphere during methane oxidation [Randeniya et al., 2002] , while the increased water vapor resulting from methane oxidation can further alter ozone chemistry [Dvortsov and Solomon, 2001] . Changes in the concentration of N 2 O, as the source gas for reactive nitrogen compounds in the stratosphere, also have impacts on ozone, predominately in the middle-to-upper stratosphere where NO x chemistry is important. Increased CO 2 cools the stratosphere and modifies the circulation. Cooler stratospheric temperatures have an impact on ozone chemistry directly [Jonsson et al., 2004] and through modifications to the chemistry of NO x [Rosenfield and Douglass, 1998 ], while dynamical changes affect transport of ozone and other chemically active species and induce temperature-dependent effects as well [Shepherd, 2008] .
[5] Given the disparate factors that have influenced stratospheric and tropospheric ozone between the preindustrial and present day, we use a comprehensive stratospherictropospheric chemistry-climate model (CCM) to quantify how these factors may have combined to influence ozone in the last century. A suite of equilibrium simulations has been performed with the major forcings set to informative combinations of preindustrial and present-day conditions. In the next section the model and simulations performed are briefly 6276 described; section 3 shows the effects of climate change and various chemical forcings on the ozone distribution, and in section 4 these results are discussed in the context of other modeling studies.
Model Description and Validation
[6] The Canadian Middle Atmosphere Model (CMAM) T47L71 chemistry-climate model was run in a configuration with specified SSTs, sea ice, and greenhouse gases (GHGs). It includes standard stratospheric chemistry accounting for Cl y -Br y -O x -HO x -NO x catalytic cycles and polar stratospheric cloud (PSC) chemistry on stratospheric ternary solution (STS) and PSC-II particles. The same chemical mechanism is used in the troposphere where it implicitly reduces to CH 4 -NO x chemistry.
[7] The CMAM has a long history of involvement in the Chemistry-Climate Model Validation (CCMVal) project [Eyring et al., 2005] and given that, the stratospheric components of the model have been extensively compared with observations and against other CCMs showing CMAM to perform on par with the best of the current generation of CCMs [SPARC CCMVal, 2010] . The extension of the chemistry into the troposphere has been a more recent addition to CMAM. Results from the CMAM version used here have been submitted to the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) and were found to compare well against the observations and fall well within the distribution of participating models for present-day (PD) and preindustrial (PI) conditions [Young et al., 2013] . Plots comparing zonal mean monthly climatologies of simulated present-day total and tropospheric column ozone with TOMS/SBUV and OMI-MLS TCO satellite retrievals, respectively, are presented in the supporting information. While the CMAM does not account for the chemistry of non-methane volatile organic compounds (NMVOCs), model sensitivity studies [Shindell et al., 2009; Stevenson et al., 2013] attribute much of the increase in tropospheric ozone since 1850 to the increase in methane and NO x , with only a minor contribution from NMVOCs. This suggests that including NMVOC chemistry would likely have led to a larger estimate of the increase of tropospheric ozone, though not significantly so.
[8] All the simulations presented here are 40 year equilibrium simulations. In each case there was a spin-up period of at least 10 years to allow the chemistry to equilibrate. The major factors influencing atmospheric ozone are ODSs, tropospheric precursors including CH 4 , climate change (by which we mean all the temperature, circulation, and moisture changes due to increases in long-lived GHGs), and N 2 O. To investigate these factors individually and in selected combinations, the simulations summarized in Table 1 were performed with certain combinations of PD and PI forcings in the chemistry and radiation components of the model, designed so that their differences reveal contributions to twentieth century changes in ozone from these forcing changes. The PD run has all boundary conditions set to present-day values, while the PI run has everything set to preindustrial conditions. The other simulations are generally set up so that subtracting their ozone distribution from that of PD gives the effect of interest. Thus, unless otherwise indicated, the effect presented corresponds to PD values for the remaining boundary conditions. Except for the full PI The "GHGs" column indicates the year of the IPCC AR5 database used for the concentration of long-lived trace gases (CO 2 , CH 4 , CFC-11, CFC-12, and N 2 O) used in the radiation, while the remaining columns indicate the year used for chemistry in the model but not radiation.
simulation, when chemical boundary conditions are set to PI values their greenhouse gas effect remains at the PD level so that, aside from unavoidable changes in ozone and water vapor effects, the GHG forcing of the simulations is the same as the PD simulation. This allows the dynamical and chemical effects to be separated as cleanly as possible.
[9] Monthly climatological sea surface temperatures (SSTs) and sea ice from the Hadley Centre [Rayner et al., 2003] were used for the period 1990-2009 for PD and 1870-1889 for PI conditions. Long-lived GHGs and chemical species representative of the year 2000 and 1880 were used for the PD and PI runs, respectively, based on the Intergovernmental Panel on Climate Change (IPCC) AR5 historical scenario [Meinshausen et al., 2011] , as were emissions of CO and NO x from transportation, industrial sources, and biomass burning [Lamarque et al., 2010] . CO from soils and oceans and an additional 250 Tg CO/yr to account for CO from isoprene oxidation were included for all scenarios. For PD emissions of NO x from soils, monthly averages from the Reanalysis of the Tropospheric chemical composition over the past 40 years (RETRO) project [Schultz et al., 2007] were used, while PI soil NO x emissions were derived by subtracting the IPCC AR5 year 2000 anthropogenic soil NO x emissions from the RETRO fields, resulting in estimates of 9.3 and 8.7 Tg N/year for PD and PI conditions, respectively. Emissions of lightning from NO x were parameterized from the model convective updraft mass flux based on Allen and Pickering [2002] , scaled to provide 4 Tg N/year for PD conditions.
Ozone Changes Since Preindustrial Times
[10] Figure 1a shows the seasonal cycle of the zonally averaged total simulated column ozone change from preindustrial times, PD-PI. The Southern Hemisphere experiences column ozone decrease, especially in the Antarctic spring, as expected. There is, however, an increase in total column ozone over most of the Northern Hemisphere, especially at high latitudes in summer. Clearly, ODS-induced ozone destruction does not dominate the entire PD-PI column ozone change in these simulations as it has in the last 40 years [WMO, 2011] . In fact, Table 2 , which gives the column ozone changes separated into stratospheric and tropospheric components, shows near cancelation of the stratospheric decrease and tropospheric increase in the global average total column, giving a net change of only -1.8 DU. Note that the PI to PD increase in the global average tropospheric column of 8.1 DU is equivalent to 88 Tg O3, which is quite close to the multimodel mean increase in tropospheric ozone between 1850 and 2000 found in ACCMIP of 98 Tg O3 [Young et al., 2013] . While the net change in column ozone is near zero in the global average, there are important hemispheric differences. In the northern midlatitudes the tropospheric increase (+12.3 DU) dominates the stratospheric decrease (-3.6 DU), while for southern midlatitudes a weaker increase of ozone in the troposphere (+4.1 DU) is dominated by a large decrease in stratospheric ozone . For the tropics we find that the changes in the stratosphere and troposphere largely cancel out. Using the set of simulations with different forcings, we investigate the origins of these differences below.
The Effect of ODSs
[11] Figure 1b shows the annual cycle of ODS effects on total column ozone derived as the difference between the PD and ODS run. Large decreases in column ozone are found throughout the year south of 45 ı S, maximizing at greater than 100 DU over Antarctica during austral spring.
A qualitatively similar pattern of decrease is found for the Northern Hemisphere, though it is much smaller in magnitude. As shown in Table 2 , ODSs are responsible for a small decrease in tropospheric ozone as well, with decreases of between 1 DU and 3 DU for the latitude bands analyzed. The extension of the ODS effect into the troposphere can be seen in Figure 2a , which presents the zonal and annual average percentage change in ozone due to ODSs. The effects of ODS-driven ozone depletion extend down to the surface, particularly over the southern high latitudes. These results are complementary to the findings of Zeng et al. [2010] , who showed the effects of stratospheric ozone recovery increasing ozone throughout the extratropical troposphere, particularly in the Southern Hemisphere.
The Effect of Precursors (CO, NO x , and CH 4 )
[12] The effect of increased precursor emissions is, unsurprisingly, a global increase in column ozone (Figure 1c) , driven largely by an increase in the troposphere. The increase is larger in the Northern Hemisphere because of the greater present-day precursor emissions there. In addition to the tropospheric increase, we find a 5.9 DU increase in the stratosphere that is much more evenly distributed between the northern and southern midlatitude bands, 9.0 and 8.0 DU, respectively. As can be seen in the cross section of PD-PRE ozone changes (Figure 2b) , much of the stratospheric increase occurs in the lowermost stratosphere, with approximately half of the extratropical stratospheric column increase occurring below 100 hPa due to the increase in ozone production from methane oxidation [Randeniya et al., 2002] . There is also a widespread increase in ozone throughout much of the stratosphere, linked to moderation of chlorine-driven ozone destruction by the increase in methane. The increased methane in the PD run increases water vapor and, consequently, the destruction of ozone by HO x (OH+HO 2 ). The PD-PRE experiment shows increases in HO x of 15 to 20% in the stratosphere, though ozone decreases only above 1 hPa (not shown) where ozone destruction by HO x chemistry becomes the dominant factor. As has been shown by Fleming et al. [2011] and Revell et al. [2012] , among others, the dominant impact of increased methane on ozone is through increased sequestration of active chlorine through Cl + CH 4 ! HCl + CH 3 , giving rise to a widespread increase in ozone throughout much of the stratosphere. Indeed, for the PD-PRE experiment we find reactive chlorine (the sum of Cl+Cl 2 + ClO+OClO+Cl 2 O 2 +HOCl+BrCl) decreases by 15 to 35% throughout the stratosphere. Note that the impact of CH 4 on ozone is enhanced because the PD and PRE experiments were made under high chlorine loading conditions.
The Effect of Climate Change
[13] Figure 1d shows the climate change contribution to the column ozone change, defined as the CHEM-PI difference. The CHEM run (see Table 1 ) uses the same chemical boundary conditions as the PI run but uses PD values of GHGs in the radiation, PD SSTs, and PD sea ice. We find very little change in total column ozone in the tropics and an increase at higher latitudes, with a significantly stronger increase in the Northern Hemisphere. We can see from Table 2 that the effect of climate change on column ozone is predominantly stratospheric. The vertical cross section of the CHEM-PI change in ozone (Figure 2c) shows that ozone increases in the upper stratosphere, with the partial column of ozone above 20 hPa increasing by 4 DU. We find that global, annual average temperatures decrease by between 2.5 K at 20 hPa and 4 K at 1 hPa (not shown) in the CHEM run compared to the PI run. The cooling is primarily driven by the increase in CO 2 and changes the rate of gas phase reactions, producing a decrease in the rate of ozone loss by oxygen [Haigh and Pyle, 1982] and reactive nitrogen [Rosenfield and Douglass, 1998 ] catalytic cycles. The lower stratosphere shows a pattern of contrasting changes, with decreases at low latitudes and increases at higher latitudes, due to an acceleration of the residual circulation of the stratosphere [Butchart et al., 2006] reducing transport times of ozone-poor tropospheric air upward in the tropics and increasing poleward transport of ozone [Shepherd, 2008; Waugh et al., 2009] . The latter effect is much stronger in the Northern Hemisphere than in the Southern Hemisphere, explaining the larger increase in column ozone there.
The Effect of N 2 O
[14] As discussed above, the effects of reactive nitrogen on stratospheric ozone are strongly modulated by changes in temperature. The dominant source of reactive nitrogen in the stratosphere is the breakdown of N 2 O; thus, there is an important interplay between changes in CO 2 and N 2 O. The effects of climate change on ozone discussed in section 3.3, CHEM-PI, were derived keeping the tropospheric concentration of N 2 O constant at preindustrial levels and resulted in a decrease in stratospheric reactive nitrogen (NO y ) concentrations of between 2.5 and 5% over the mid to upper stratosphere where nitrogen chemistry is the dominant ozone loss process. We have also assessed the combined effects of climate change and increased N 2 O through the difference of the simulations PREODS-PI. The tropospheric concentration of N 2 O was specified to increase by 14% between 1880 and 2000, though we find an increase of only 3 to 7% in NO y through the mid to upper stratosphere due to the ameliorating effects of cooler stratospheric temperatures as well as a strengthened Brewer-Dobson circulation leaving less time for the photochemical breakdown of N 2 O [Plummer et al., 2010] . The global average stratospheric increase of 3.6 DU due to the climate change effect is eliminated when climate and N 2 O simultaneously change. This is largely due to reduction of the climate-induced ozone increase above 20 hPa from 4 DU to 1 DU.
Stratosphere-Troposphere Exchange
[15] We calculate the flux of ozone from the stratosphere to the troposphere, the stratosphere-troposphere exchange (STE), as the residual required to balance the annual tropospheric ozone budget; the sum of photochemical production, photochemical destruction, and dry deposition. The PD experiment has a calculated STE of 544 Tg O3/year, close to the observation-based estimate of Olsen et al. [2001] of 550˙140 Tg O3/year and within the range of modelbased estimates given in Stevenson et al. [2006] of 5561 54 Tg O3/year. We find the total PD-PI change in STE is -41˙5 Tg O3/year. Using the series of experiments described above, the decrease in STE is composed of increases due to climate change (+21˙3 Tg/yr) and precursor effects (+31˙8 Tg/yr), with the increase in STE from precursors (PD-PRE) resulting from the increase in ozone in the lower stratosphere due to the increased CH 4 . These increases are offset by a large decrease in STE due to ODSs (-75˙5 Tg/year), with 85% of the decrease occurring in the Southern Hemisphere. The clearest signal of changes in STE on tropospheric ozone is found for the effect of ODSs, with the strong hemispheric asymmetry in the decrease in STE reflected in decreased tropospheric ozone.
Discussion and Conclusions
[16] Our analysis illustrates the complex interplay of ODSs, tropospheric precursors, N 2 O, and climate change in effecting changes in the distribution of atmospheric ozone. While ODSs predominantly decrease stratospheric ozone, they also decrease tropospheric ozone by up to 3 DU in the southern midlatitudes. Methane, which acts as a tropospheric precursor, also increases ozone significantly throughout the stratosphere. Climate change produces increased ozone in the upper stratosphere more or less equally around the globe, while producing a pattern in the lower stratosphere of decreased tropical and increased extratropical concentrations due to the acceleration of the stratospheric residual circulation, most strongly in the Northern Hemisphere. Including the climate-sensitive effects of the N 2 O increase since preindustrial times very nearly cancels the increase in globally averaged column ozone due to climate change with constant N 2 O. Finally, including the projected increases in tropospheric ozone, which we calculate to be comparable to other current model-based estimates, we find net positive changes in total column ozone from preindustrial to present day over the Northern Hemisphere, relatively small changes over the tropics, and increasingly negative changes as one moves to higher latitudes in the southern extratropics.
[17] Our simulations suggest that the global average ODS-induced decrease in total column ozone since preindustrial times has been largely offset by tropospheric ozone increase and the effects of climate change. Gauss et al. [2006] , who analyzed the combined effects of tropospheric and stratospheric changes on column ozone from preindustrial to present day, included one model, the NCAR MACCM, with both a chemically interactive stratosphere and the effects of climate change. This model projected a decrease in stratospheric ozone of 12.7 DU and an increase of 9.4 DU in the troposphere, yielding a net change in column ozone of -3.3 DU, similar in nature and magnitude to our estimate of -1.8 DU.
[18] Our finding that tropospheric ozone changes cannot be attributed entirely to tropospheric forcings, nor stratospheric changes to stratospheric forcings, is consistent with the finding of Shindell et al. [2013] concerning the impact of ODS and tropospheric precursor changes on ozone radiative forcing. In Shindell et al. [2013] the relative magnitude of the tropospheric and stratospheric effects is larger than found here since tropospheric ozone changes generally have a larger impact on radiative forcing than do stratospheric changes.
[19] These results illustrate the complex ways in which anthropogenic influences have affected the Earth's ozone distribution, including well-established harm from significant ozone depletion at high latitudes of the Southern Hemisphere and increases in ground level ozone that are particularly acute in industrialized areas. Models capable of simulating all these processes interactively are necessary to understand anthropogenic changes in ozone and allow for estimation of the impacts on human health and ecosystems of the changes in surface UV and surface ozone. The complexity of the interactions also underlines the need for continued comprehensive observations of atmospheric composition to ensure that our understanding of atmospheric change is correct.
